We have isolated a paired-type homeobox gene Dmbx1, previously known as Atx (Development 128 (2001) 4789), from chick and mouse. Sequence similarity reveals that this gene is highly related to the Otx genes. Expression of Dmbx1 commences during gastrulation, when transcripts are detected in a crescent around the anterior neural plate. As development progresses, Dmbx1 marks the prospective midbrain and pretectum. Dmbx1 shares its caudal border of expression with Otx2, while expression is sharply delimited rostrally by the synencephalicparencephalic boundary, later becoming restricted to the posterior synencephalon. At later stages, Dmbx1 is expressed in dynamic domains of the hindbrain and spinal cord. Additional sites of expression comprise stomodeal ectoderm and foregut endoderm, presomitic mesoderm, and the nasal pit. q
Results and discussion
The transformation of the simple early neuroepithelium into the complex structure of an adult brain begins with the subdivision of the neural plate along its rostrocaudal axis into distinct territories. Region-specific expression of transcriptional control genes such as Otx2, En, Pax2, or the Hox genes plays an important role in this process (reviewed in Lumsden and Krumlauf, 1996) . However, while regionalisation of spinal cord, hindbrain, and isthmus is presaged by the early expression of a whole array of developmental genes, expression boundaries in the rostral midbrain and forebrain appear comparatively late (see, e.g. Puelles and Rubenstein, 1993) . To identify potential candidates involved in the early patterning of midbrain and forebrain, we designed a polymerase chain reaction (PCR)-based screen for paired-type homeobox genes expressed in the rostral brain of early chick embryos.
Here, we report on the characterisation of the chick homeobox gene previously known as Atx (see MartinezBarbera et al., 2001 ) isolated in this screen, and its murine homologue. We have subsequently decided to ascribe the name Dmbx1 further to an expression study by Ohtoshi et al., 2002 for clarity over nomenclature. The Dmbx1 genes from chick, mouse, and human (Andrews et al., 1999) are highly conserved. The N-terminal regions of the proteins are identical, while the C-termini are more divergent (Fig. 1A) . The closest relatives of DMBX1 are members of the pairedtype homeodomain transcription factors of the K 50 subclass, with which DMBX1 shares the characteristic lysine in position 50 of the homeodomain (Duboule, 1994) .
The high sequence similarity to Otx and Gsc prompted us to analyse the expression pattern of Dmbx1 in early stages of development. In the chick, we could detect transcripts by in situ hybridisation from HH stage 4 on. The expression domain is initially shaped as a crescent around the border of the anterior neural plate, rostral to the node ( Fig. 2A) . Dmbx1 staining is restricted to the upper (epiblast) layer (see Fig. 3A ). With the appearance of the head process, signals in the caudal part of the crescent are up-regulated and extend medially (Fig. 2B ). By HH10 (Fig. 2C) , and even more apparent at later stages (Fig. 2D ), this expression domain is sharply delimited: rostrally Dmbx1 respects the synencephalic-parencephalic border, although this domain later retreats to the posterior synencephalon (Larsen et al., 2001) ; caudally the Dmbx1 domain is delimited by the mesencephalic-rhombencephalic boundary.
In the mouse, Dmbx1 similarly labels this prospective Martinez-Barbera et al., 2001 and Ohtoshi et al., 2002) . Dmbx1 continues to mark midbrain and synencephalon over the following days of both chick and mouse development, while additional central nervous system (CNS) sites of expression appear. From HH10 in chick, a small number of cells in rhombomere 4 stained for Dmbx1 (Figs. 2C and 3H,I). By HH15, Dmbx1 also labels scattered cells in the spinal cord (Figs. 2D and 3H) . Expression in the hindbrain becomes more complex at later stages, with distinct patterns along its rostrocaudal axis (Fig. 3L,M) . Some domains stretch along the whole rhombencephalon, others reflect the differences of even and odd rhombomeres, and some features are specific for individual rhombomeres. Most prominent is a dorsal stripe of cells located adjacent to the rhombic lip, which maps with the source of cerebellar Purkinje cells. In the caudal half of rhombomere 1, Dmbx1 is expressed in a group of cells adjacent to the floor plate (asterisk in Fig. 3L ). Interestingly, this area corresponds to the only region in the hindbrain that does not produce motor neurons (Lumsden and Keynes, 1989) . The Dmbx1 expression patterns at E4 and E5 in hindbrain and spinal cord are dynamic, as the ventral expression prominent at E4 was barely detectable by E5, while dorsal expression was enhanced, and differences between rhombomeres become more pronounced (compare Fig. 3L,M) .
The dynamic expression of Dmbx1 in the hindbrain is mirrored rostrally, as the initial expression of Dmbx1 that uniformly labels midbrain and synencephalon (except for roof plate and floor plate) also becomes more complex (Fig. 3N,O) . At E4, Dmbx1 expression becomes restricted to the posterior synencephalon and ventrally signals protrude into the prospective dorsal thalamus, extending along the zona limitans intrathalamica (Fig. 3N) . Dmbx1 is also expressed in the pituitary (black arrows in Fig.  3N,O) . Differences in the levels of expression within the midbrain are more pronounced at E5, when Dmbx1 is down regulated in the ventral mesencephalon. Apart from a thin stripe of cells aligning the roof plate that continue to express Dmbx1 at high levels, Dmbx1 is similarly down regulated in the dorsal posterior synencephalon (Fig. 3O) . (Andrews et al., 1999) were aligned using VectorNTI (Informax). Amino acids identical in all three proteins are shaded. The homeodomain is underlined. All three proteins are identical in the Nterminal 141 amino acids, including the homeodomain. The C-terminus is more divergent, but also contains some highly conserved areas. (B) Phylogenetic tree of Dmbx1 and Otx-related homeodomain proteins. The sequences of TPC3, gsc, Crx, Otx1, Otx2, Phox2a, Phox2b, Vsx1, Chx10, Alx3, Alx4, Cart1, Pitx1,While the most prominent expression domains of Dmbx1 are located within the CNS, we also detected Dmbx1 transcripts in other tissues. Rostrally, Dmbx1 initially labels the border of the anterior neural plate (Fig. 3A) . Remnants of this expression later reside in the prospective stomodeal ectoderm (Fig. 3B,C) where we could detect Dmbx1 transcripts for several days. The adjacent foregut endoderm also expresses Dmbx1 (Fig. 3D,E ; see also Fig. 2E ). In the nasal pit, Dmbx1 signals appeared from HH15 on (Fig. 3J) , at later stages restricted to its dorsal half (Fig. 3K) . Transiently, between stages HH7 and HH9, a thin stripe of cells in the presomitic mesoderm, expresses Dmbx1 (Fig. 3D,G) .
Dmbx1 is a paired-type homeobox gene with high similarity to the Otx family of transcription factors. The expression pattern of Dmbx1 at later stages of development is rather complex, with various expression domains located within the CNS, and in the digestive system. From early stages onwards however, in both mouse and chick Dmbx1 expression marks the prospective midbrain and pretectum. Expression of Dmbx1 in this region requires Otx2, and initiation of Dmbx1, unlike isthmic markers, is not restored by simultaneously abolishing Gbx2 function (MartinezBarbera et al., 2001 ). The rostral boundary of Dmbx1 divides the Otx2 expression domain, indicating the demarcation of territories in the rostral brain early in development, before they are morphologically apparent (Larsen et al., 2001 ).
Experimental procedures

Animals
Fertilised hen's eggs were obtained from Winter Farm, Royston. Eggs were incubated in a humidified atmosphere at 398C. Embryos were staged according to Hamburger and Hamilton (1951) .
Mice were derived from a NMRI colony. The day of the vaginal plug is counted as E0.5 post coitum.
PCR cloning
As template for the PCR reactions, midbrain and forebrain region of chick embryos at HH10, or whole mouse embryos at E10.5 were used to prepare cDNA. Degenerate primers 34421 (ATGGCCCBCAGMTYKAVRDRYTGG-ARA) and MixE (TAGCGGCCGCCGATTYTGRAACC-ARAYYT) were used to amplify the chick Dmbx1 homeobox; primers AlxF1 (GACACACTATCCAGATGTAGT-GATG) and AlxF2 (GAGCGGCTGGCTATGTGCACA-AATC) were used for the 3 0 -RACE, and AlxR1 (GAC-TCTGGCTTCAGGCAGATTTGTG) and AlxR2 (GCAC-ATAGCCAGCCGCTCTCTCATC) for the 5 0 -RACE.
PCR primers Atx232F (GCCATGCAGCACTACGGGGT-GAAY) and Atx1075R (ACGAGTAGTGCACCAGGTT-GTTGGT) based on the chick and human sequences were used to isolate the homologous mouse gene from E10.5 Rhombomeres 2 and 3 show extended Dmbx1 domains, stretching in distinct patterns from the basal plate to the dorsal Dmbx1 domain. In rhombomere 4, still some scattered cells express Dmbx1. In the spinal cord, Dmbx1 expression resides in a dorsal stripe, which appears to be discontinuous with the dorsal hindbrain domain, a second stripe located more ventrally, and a stretch of more scattered cells in the basal plate. One day later (M), the Dmbx1 expression domains are notably organised into longitudinal columns. The dorsal stripe in the hindbrain showed even more intense staining. In rhombomeres 1 and 3, this expression domain extends further ventrally than in the other rhombomeres. Rhombomeres 5 and 6 harbour an additional site of expression, separated from the dorsal stripe by a narrow gap. Remnants of the earlier expression in the basal plate were barely detectable. In the spinal cord, the medial stripe appears much stronger than at E4, and extends further ventrally and caudally. (N, O) Expression profile of Dmbx1 in the diencephalon shown in flat-mounted preparations of E4 (N) and E5 (O) brains. At E4 (N), Dmbx1 is strongly expressed in midbrain and posterior synencephalon. Dmbx1 is also expressed in the pituitary (black arrow). In the alar plate, Dmbx1 expression is delimited sharply by the intra-synencephalic boundary (blue arrow), while ventrally signals extend further rostrally up to the level of the zona limitans intrathalamica. A thin stripe of cells aligning the zona limitans also expresses Dmbx1. One day later (O), Dmbx1 is down regulated in the alar plate of the posterior synencephalon, although a stripe of cells lateral to the roof plate maintains Dmbx1 expression at high levels. Dmbx1 is still strongly expressed in the tectum and in the caudal midbrain, but expression levels are reduced in the ventral midbrain. Dmbx1 signals along the zona limitans are barely visible.
embryo cDNA. The mouse Dmbx1 PCR fragment served as a probe to isolate genomic clones covering the Dmbx1 locus.
In situ hybridisation
Probes for chick Dmbx1 were derived from the 3 0 -RACE chick Dmbx1 fragment. The probe for mouse Dmbx1, has been described elsewhere (Martinez-Barbera et al., 2001) . Whole mount in situ hybridisation and vibratome sectioning was performed as described (Dietrich et al., 1997) .
Photography
Whole embryos and sections were photographed using Nomarski optics on a Zeiss Axiophot microscope equipped with an Axiocam digital camera. The images were subsequently processed in Adobe Photoshop.
